The effect of sympathetic denervation on blood flow in the ovary and oviduct was studied in rats undergoing oestrous cycles or at Day 14 of pregnancy. The ovary and oviduct on one side were denervated by briefly freezing the ovarian vascular pedicle and the ovarian suspensory ligament. Blood flow was measured using 15 \g=m\m 57Co-labelled microspheres while the rats were under barbiturate anaesthesia. In cyclic rats denervation raised blood flow to the oviduct by 90% the next day (P <0\m=.\01) and 39% at 4\p=n-\10 days (0\m=.\05 <P <0\m=.\1). Blood flow to the ovary was not affected. Denervation on Day 13 of pregnancy raised blood flow in the oviduct 5-fold at Day 14 (P <0\m=.\01) and denervation on Day 7 raised blood flow 3-fold on Day 14 (P <0\m=.\05).
Introduction
The rate of blood flow to the ovary varies with the physiological state of the ovary during oestrous cycles and pregnancy. In particular, when large active corpora lutea are present, the rate of flow is among the highest observed in any tissue (Bruce & Moor, 1975) .
For some tissues, such as muscle and skin, sympathetic nerves exert tonic control on vascular resistance so that denervation promptly raises blood flow (Barcroft & Swan, 1953) . No such experi¬ ments appear to have been reported for the ovary. Indeed there has been little study of any type on the function of ovarian vascular nerves; they are not mentioned in major reviews of the ovarian vasculature (Bruce & Moor, 1975; Ellinwood, Nett & Niswender, 1978; Meschia, 1983) . It is therefore uncertain whether sympathetic nerves that terminate near the ovarian blood vessels (Kuntz, 1919; Unsicker, 1974 ) exert any tonic control and whether they influence the large changes in blood flow that occur in different physiological conditions.
In studies on rats in which the noradrenergic nerves of the ovary and oviduct were eliminated, we observed normal oestrous cycles, ovulation and pregnancy (Roche, Parkington & Gibson, 1985;  Wylie, . Physiological mechanisms concerned with follicular rupture, steroidal support of the pregnancy by the ovary, and transport of the oocyte and early embryo by the oviduct were, therefore, able to function adequately without adrenergic nerves. If disturbances in blood flow occurred, then these too apparently did not interfere with these physiological functions.
The present experiments were designed to test whether denervation of the ovary and oviduct would affect their blood flow in rats that were undergoing oestrous cycles or were at mid-pregnancy when corpora lutea are fully functional (Macdonald & Matt, 1984) . The results have been reported in abstract form .
Materials and Methods
Animals. Adult Sprague-Dawley rats weighing 200-250 g were housed 4 to a cage under controlled temperature (20°C) and photoperiod (lights on 07:00-19:00 h). Food and water were available ad libitum. Vaginal smears were taken daily to determine stage of the oestrous cycle and the day of mating. The smears were discontinued when pregnancy occurred. The day on which spermatozoa were found was designated Day 1 of pregnancy.
Denervation of ovary and oviduct. Rats were anaesthetized with ether and the nerves supplying the ovary and oviduct on one randomly selected side were briefly frozen by touching a cold probe to the ovarian vascular pedicle and the ovarian suspensory ligament. This eliminates adrenergic nerves from the ovary and oviduct in most rats in the interval 2-10 days after surgery (Gibson, Roche, Summers & Wylie, 1984) . Unilateral sham denervations were done similarly except that the probe was at room temperature.
Measurement of blood flow. Blood flow was measured by the radioactive microsphere method (Heymann, Payne, Hoffman & Rudolph, 1977) . The rats were anaesthetized with a mixture of methohexitone sodium (Brietal sodium: Eli Lilly (Aust.), Sydney), 50mg/kg, and amobarbital sodium (Amytal sodium: Eli Lilly, Indianapolis, U.S.A.), 83 mg/kg, i.p. For the infusion of microspheres a vinyl cannula (SV-45, Durai Plastics and Engineering, Durai, .S.W.; 0-96 mm o.d. 0-58 mm i.d. stretched at the tip so that it narrowed to 0-7 mm o.d.) was inserted into the right common carotid artery and advanced into the left ventricle. Its outer end was connected to a pressure transducer (Gould Statham Model P231D, U.S.A.) linked to a chart recorder (Grass Model 790, Quincy, MA, U.S.A.). Arrival of the tip of the cannula in the left ventricle was recognized by the change in the recorded wave form of blood pressure. Its location was also confirmed by dissection when the rat was killed.
For recording arterial blood pressure and withdrawal of a reference sample of blood, a polyethylene cannula (Durai SP-45: 0-96 mm o.d. 0-58 mm i.d. stretched at the tip so that it narrowed to 0-5 mm o.d.) was inserted in the left femoral artery. A three-way tap attached to this cannula allowed in turn the recording of arterial blood pressure using another pressure transducer connected to the chart recorder, and the withdrawal of a reference blood sample using a syringe driven by a Braun pump. Surgery was usually complete within 20 min.
The microspheres were of 15 + 1-5 pm diameter and labelled with 57Co (NEN-TRAC, New England Nuclear, Boston, MA, U.S.A.). A sample of 90 000 (range 60 000-100 000) microspheres containing 3-0 + 0-4 106 c.p.m. (mean ± s.d.; = 70), suspended in 100 pi Macrodex solution (Pharmacia AB, Uppsala, Sweden) with 0-01% w/v Tween 80, was drawn into a length of plastic tubing. This was fixed in a sonicator bath and sonicated before and during the infusion in order to keep the microspheres uniformly dispersed. One end of the tubing was attached to the carotid cannula and the microspheres were infused smoothly over a period of 15 sec by injecting physio¬ logical saline (9 g NaCl/1) from a syringe at the other end. The reference blood sample was withdrawn from the femoral artery at 0-5 ml/min from 10 sec before infusion of the microspheres started until 30 sec after infusion was complete.
Femoral arterial blood pressure recorded just after taking the reference sample averaged 110 ± 16mmHg in cyclic rats (mean ± s.d.; = 47) and 126 ± 16mmHg in pregnant rats (N = 23). This was not significantly different from the pressure recorded just before injecting microspheres.
Each rat was killed with an overdose of pentobarbitone sodium (Euthatal: May and Baker) and tissues were dissected for weighing and counting radioactivity. For the oviducts and kidneys, total mass and radioactivity were determined. Ovaries from non-pregnant rats were similarly handled, but ovaries from pregnant rats were dissected into luteal and non-luteal components which were analysed separately. Only the large corpora lutea, assumed to be corpora lutea of pregnancy, were separated from the non-luteal tissue. The numbers of these were recorded.
Radioactivity in the injected dose of microspheres, the reference blood sample and the tissues was measured using an LKB-Wallac 1280 Ultrogamma counter. The injected dose was corrected for the small amount of residual radioactivity counted in the tubing and ventricular cannula.
Blood flow (ml-min"l) in each organ was obtained by multiplying the rate of withdrawal of the reference blood sample (ml-min-1) by the ratio of radioactivity trapped in the organ over radio¬ activity in the reference blood sample. Cardiac output was similarly obtained by using radioactivity in the injected dose rather than that trapped in the organ.
In 2 cyclic rats and 2 pregnant rats the reference sample was incomplete because the femoral arterial cannula became occluded. These 4 rats were assigned cardiac outputs equal to the average of other rats in their groups and the organ blood flows were estimated by multiplying cardiac output by the fraction of injected radioactivity that was trapped in the organs. Errors due to this estimation have negligible impact on the main objective of the experiment which involves within-animal comparisons. In cyclic rats, left and right renal blood flows were respectively 4-53 + 0-17 (s.e.m.; = 46) and 4-60 ± 019 ml-min" '-g-1. In pregnant rats they were 4-62 + 0-15 and 4-33 ± 013 ml-min"'-g_1 (N = 23). In individual rats the flows to the two kidneys were well-matched with the average discrepancy from the mean of the pair being 4-1 % (s.d. = 3-9%; = 69). Adrenergic innervation. Ovaries and oviducts were kept moist with physiological saline (9 g NaCl/1) at room temperature while radioactivity was counted. They were then embedded in O.C.T. compound (Lab-Tek Products, Naperville, Illinois, U.S.A.), frozen, and kept at -20°C until examined by SPG fluorescence microscopy (de la Torre & Surgeon, 1976) . Tests in this laboratory showed that there was no appreciable loss of nerves during the delay (usually about 30 min) needed for counting. The intensity of fluorescence in these nerves was also normal. Completeness of denervation of the ovary was checked by examining 5 sections from equally spaced regions across the ovary. The oviducts were checked by examining 3 sections, each of which contained several profiles of the oviduct due to its coiling. Denervation was considered to be complete if no fluorescent nerve appeared in any of the examined sections.
Experimental protocol. Unilateral denervation in some rats and unilateral sham-denervation in other rats were assigned at random to left and right sides. In cyclic rats, the operations were always done at metoestrus; in pregnant rats they were on Day 7 in one series and Day 13 in another.
In one experimental series, blood flow was measured at a time when denervation was expected to be complete (Gibson et al., 1984) . In cyclic rats, this was chosen to be on a day of pro-oestrus or metoestrus falling 4-10 days after surgery. In pregnant rats, it was on Day 14 after surgery on Day 7.
In the other series, blood flow was measured the day after surgery, when denervation is usually not complete. The remaining innervation was estimated semi-quantitatively (Gibson et al., 1984) . This series was designed to test for possible short-lived changes in blood flow.
Analysis of data. Differences between operated and unoperated sides were tested by two-tailed, Wilcoxon matched-pairs, signed-ranks tests (Siegel, 1956) . The non-parametric test was chosen because data for blood flow appeared not to be normally distributed.
Results

Completeness of denervation
In cyclic rats killed 4-10 days after surgery, residual nerves were found in 2 out of 13 ovaries or oviducts for which denervation was attempted; for pregnant rats it was 1 out of 8. Results for these 3 rats are not included below. In cyclic rats killed the day after surgery, the number of nerves 8-0 ± 0-9 8-2 ± 1-2 0-2 ± 10 5-9 ± 1-1 6-6 ± 1-6 0-7 + 0-9 13-5 ±0-9 15-6 ±0-5 21 ± 1-1 14-1 ±0-6
13-9 ± 0-7 -0-2 + 0-7 2-6 ± 0-7 2-8 ± 0-5 01 ±0-6 1-8 ±0-5 2-5 ± 0-5 0-8 ± 0-4t
Values are means + s.e.m. t005 <P <0T; ** <0 1; differences of denervated side from contralateral control by Wilcoxon matched-pairs signed-ranks test.
remaining averaged 28 + 7% (s.e.m.; = 15) ofthat in the unoperated ovaries. In pregnant rats it was 35 ± 7% (N = 8).
Cardiac output
Average cardiac output was 47 + 2 ml-min" (N = 21) in pregnant rats.
(N = 44) in cyclic rats and 61 + 2ml-min"
Tissue mass
Sham-denervation and denervation did not produce any statistically significant changes in the mass of the ovary (or its luteal and non-luteal components in pregnant rats) or the oviduct in cyclic or pregnant rats, either the next day or later (Tables 1 and 2) .
Tissue blood flow in cyclic rats
Sham-denervation did not cause any significant change in blood flow to the ovary or oviduct (always at dioestrus) the day after surgery. Denervation also did not affect ovarian blood flow, but that to the oviduct was clearly raised (P < 001). The new level was 90% above that in contralateral control oviducts (Table 1) .
Blood flow was measured in other rats 4-10 days after surgery, at pro-oestrus or metoestrus. The results were similar for both stages and are therefore pooled (Table 1) . Again the shamoperation had no effect on blood flows. Denervated ovaries had blood flows like those in contralateral controls, but denervated oviducts had a mean blood flow 39% higher than in their controls(005 <P<0-1). (mg) (ml-min'g1) (mg) (ml-min"1-g"1) (mg) (ml-min"1-g"1) ( Tissue blood flow in pregnant rats Sham denervation did not cause any significant change in blood flow measured at Day 14 of pregnancy 1 day or 7 days after surgery. Nor did denervation affect the blood flow of the luteal tissue or non-luteal tissue of the ovary at either time. Denervation of the oviduct raised its blood flow to a level 5 times that in contralateral controls at 1 day (P <001), and 3 times at 7 days (P < 0-05) ( Table 2 ).
Discussion
The measurements of blood flow in denervated ovaries and oviducts described in this paper appear to be the only ones so far reported. They indicate a marked difference between these two organs in that blood flow to the oviduct was substantially increased by denervation whereas that to the ovary was not affected. The vasculature of the oviduct, like that of skin and skeletal muscle (Barcroft & Swan, 1953 ), therefore appears to be under tonic control by vasoconstrictor nerves whereas vessels of the ovary are not under such tonic control. Neverthele:¿, they are apparently partly constricted in normal circumstances since they are responsive to LH and hCG which raise ovarian blood flow (Bruce & Dimmit, 1977) . This constriction could be due to intrinsic activity of vascular smooth muscle or to blood-borne vasoconstrictor substances, such as catecholamines and angiotensin rather than due to neurogenic activity. The lack of tonic neural influence under resting conditions may be common in other viscera (Hales, King & Fawcett, 1984) . These rats were anaesthetized during the measurement of blood flow and it is possible that this caused some redistribution of flow (Sasaki & Wagner, 1971 ). It is not clear what effects, if any, anaesthesia has on ovarian blood flow (Bruce & Moor, 1976) . In general, surgery under barbiturate anaesthesia increases vascular resistance through increasing autonomie activity (Fray, Siwek, Strull, Steiler & Wilson, 1976) and it therefore seems unlikely that the experimental procedure would have obscured an effect of denervation by reducing vascular tone. In addition, the clear response in the denervated oviducts of the same rats is reassuring on this point. It may be calculated that about 900 microspheres were trapped in ovaries and about 60 in oviducts. The counting error (Buckberg, Luck, Payne, Hoffman, Archie & Fixier, 1971) applicable to the low number in the oviducts must contribute substantially to the variability of the estimates of blood flow. Nevertheless, the effect of denervation was still large enough to be shown clearly by statistically significant differences.
Blood flow was measured at a time after surgery when the absence of nerves could be demonstrated (4-10 days in cyclic rats; 7 days in pregnant rats). The lack of effect on blood flow in the ovaries prompted us to check at earlier times in case there had been transient effects that we missed. In some other denervated tissues, although blood flow is elevated for more than 1 week, the effect is most striking within 1 or 2 days of surgery (Barcroft & Swan, 1953) . Over a period of several weeks a return of vascular tone occurs, possibly because the tissues become supersensitive to circulating catecholamines (Barcroft & Swan, 1953) . In our experiments, the increase in blood flow to the oviduct also was prompt as shown by measurements made at 1 day, in the cyclic and pregnant rats. At this time nerves were usually still detectable, but they would not be expected to be functional since the freezing of their axons had already disconnected them from their cell bodies. The lesser elevations in blood flow to oviducts some days after denervation suggest that tone in the oviducal vasculature could have been returning as it does in other tissues.
In agreement with other work (Bruce & Moor, 1975) , luteal flow comprised more than 80% of total ovarian blood flow in the pregnant rats. The unaltered flow in denervated ovaries indicates that sympathetic nerves that terminate near blood vessels at the margins of the corpora lutea do not exert tonic vasoconstrictor action by diffusion of transmitter on to the vessels at the margin of or within the corpora lutea. Nerve fibres do not penetrate the corpus luteum of the rat (Unsicker, 1974) even though blood vessels do grow in from the margin. Changes that occur in luteal flow are probably not under neural control. The blood flow measured with 15 pm microspheres in these experiments is presumably true capillary blood flow. It is unlikely that there was other flow through arterio-venous shunts since most experiments aimed at revealing such shunts by the use of microspheres have proved negative (Devoto, Blasco, Flickinger, Wu & Mikhail, 1977; Pang & Behrman, 1981) .
What then is the function of the ovarian vascular nerves? They do appear to be capable of function since electrical stimulation of the nerves produces vasoconstriction in the ovaries of rats (Weiss, Dail & Ratner, 1982) and gilts (Reynolds & Ford, 1984) . Our experiment would not have detected any specific neural influence on blood flow to small structures such as individual growing follicles, or on flow at particular times, such as during luteolysis. In general, vascular adrenergic nerves are concerned with optimizing the overall distribution of blood in emergency states (Folkow & Neil, 1971) . It is possible then that the ovarian nerves are not concerned with the interests of the ovary; but could be seen rather prosaically as a small component of the overall splanchnic innerva¬ tion. This is concerned with diversion of blood to other organs (e.g. brain, skeletal muscle, skin) during haemorrhage, or severe exercise or in high temperatures. This aspect of ovarian blood flow has received little attention. A single study of haemorrhage did not reveal any diversion of flow away from the ovary (Bruce & Meyer, 1981) .
In summary, denervation of the oviduct and ovary shows that the vasculature of the oviduct is under tonic vasoconstrictor control whereas that of the ovary is not. The sympathetic nerves of the ovary do not regulate major changes in ovarian blood flow.
